' Peel pitting ' in the flavedo (the coloured epicarp) of ' Encore ' mandarin arises as chlorotic spots. These spots correspond to parenchymal flattening and collapse of a variable number of sub-epidermal cell layers, which increase in parallel with the epidermis, extending between apparently healthy zones. The first signs of cellular damage are associated with internal membrane disorganization of the plastids. Great vesiculation of the cytoplasm occurs, followed by degradation of cytoplasmic membranes and accumulation of abundant osmiophilic material, yielding amorphous and dense masses. The disorder started by September. Spotting was only observed on the outer side of the fruit and on portions of the rind most exposed to external factors. Radiation and high temperature of the rind over long periods may induce localized dehydration, plasmolysis and cell collapse.
INTRODUCTION
' Encore ' mandarin (Citrus deliciosa Ten.iCitrus nobilis Lour.) was introduced into the South of Portugal where it is well adapted to the local climate. The fruits are of high quality, mature late, and have a long harvest\marketing period between March and July (Guerreiro and Luı! s, 1996) . However, a peel disorder beginning as rind spotting is frequently observed, reducing the external rind quality and decreasing the commercial value of the fruit.
Externally, this disorder resembles the external symptoms of some citrus disorders and pittings caused by several factors such as climate, post-harvest chilling, mechanical injury or chemical treatments (Freeman, 1976 ; Goren, Monselise and Ben Moshe, 1976 ; Agustı! and Almela, 1989 ; Arpaia et al., 1991 ; Almela, Agustı! and Pons, 1992) . The internal alteration of the flavedo (the coloured epicarp) in ' Encore ' mandarin is similar to some histological aspects described in ' Fortune ' mandarin under field conditions F. 1. Spots in the rind of ' Encore ' mandarin ; first stages of disorder development.
F. 2. LM-section of healthy flavedo. CU, Cuticle ; E, epidermis ; P, plastid. Bar l 10 µm. (Vercher et al., 1994) or in post-harvest chilling injury in lemon (Obenland et al., 1997) . Agustı! and Almela (1989) noted that ' Fortune ' mandarin fruit were highly sensitive to peel pitting during ripening, under different microclimates ; Almela et al. (1992) verified that the degree of pitting intensity varied from year to year and also among fruits of the same tree. Fruits orientated to the north west in the canopy were the most affected, as were north-westerly-orientated fruit surfaces. These authors suggested that cold winds, low temperature and low relative humidity might be involved in the development of pitting. Vercher et al. (1994) studied pitting development in ' Fortune ' mandarin by light and scanning electron microscopy, and found that most external cellular strata of the rind broke down. The deterioration process began in epidermal cells, extending to hypodermal cells. Low temperature impaired the physiological function of the cuticle, increasing water permeability.
The internal damage in the flavedo of post-harvest cold-0305-7364\99\060667j07 $30.00\0 # 1999 Annals of Botany Company F. 3. TEM-section of healthy epidermal and sub-epidermal cells. A thick cuticle (CU) covers the epidermis (E). Bar l 1 µm.
F 4  5. TEM-sections of healthy cells of the outer sub-epidermal layers. Fig. 4 . Portion of a cell with dense cytoplasm, numerous cisternae of endoplasmic reticulum (ER) and mitochondria (M). Osmiophilic material (OM) in the stroma of a plastid (P), in the plastid membrane and in the endoplasmic reticulum. Bar l 0n5 µm. Fig. 5 . The plastids accumulated starch grains (S) and osmiophilic material (OM). Bar l 0n5 µm.
treated lemons consisted of areas of flattened and collapsed cells immediately above the oil glands (Obenland et al. 1997) . These authors verified that a considerable amount of the essential oils resides in oil bodies localized in the parenchyma cells surrounding the glands. The disruption of the oil bodies during cell collapse could release oil into surrounding cells causing injury. Oil gland collapse was not observed until the later stages of chilling injury.
To control peel pitting in ' Encore ' mandarin it is essential to know how the injury begins and how it progresses. The aim of this work is to describe the initial stages of the disorder by light, transmission and scanning electron microscopy.
MATERIALS AND METHODS

Plant material
' Encore ' mandarin fruits were collected from a commercial orchard located in the South of Portugal (Faro). From mid September to mid November fragments of flavedo both with spots and also without visible symptoms of the disorder were processed for light, transmission and scanning electron microscopy.
Light and transmission electron microscopy (TEM)
Fragments of healthy flavedo and fragments of spots encircled by healthy flavedo were fixed overnight at 4 mC in 3 % glutaraldehyde in 0n1  sodium cacodylate buffer, pH 7n4. The specimens were washed three times for 30 min in the same buffer, post-fixed in 1 % osmium tetroxide in the same buffer, stained in block in 1 % buffered uranyl acetate, dehydrated in an ethanol gradient to absolute ethanol and embedded in Spurr's resin (Spurr, 1969) . Sections 1-2 µm F 6  7. LM-sections of the spotted areas stained with Toluidine blue. Flattened and collapsed cells (CC) of the parenchyma extending in parallel (*) with the epidermis. Fig. 7 . In adjacent cell layers (AC) the cytoplasm was disorganized with loss of integrity of the organelles (arrows), including highly dilated plastids. Bars l 70 ( Fig. 6 ) and 10 µm (Fig. 7) .
and 80-100 nm thick were cut in an LKB-ultramicrotome IV using glass knives. Thick sections for light microscopy were stained in 0n05 % toluidine blue in 1 % sodium carbonate. Thin sections for TEM were stained in an aqueous saturated solution of uranyl acetate for 30 min and post-stained in a 3 % aqueous solution of lead citrate at room temperature. Ultrastructural observations were made with a Phillips 300 transmission electron microscope at 80 kV.
Scanning electron microscopy (SEM )
Fragments of flavedo were fixed, post-fixed and dehydrated by the same procedure used in the preparation of the material for TEM. Specimens were critical point dried and mounted on metal stubs using a neutral varnish. Each sample was sputter-coated with a 20 nm layer of gold and scanned with an ISI Scanning Electron Microscope, model DS-130, at 10 kV accelerating voltage.
RESULTS
Chlorotic or yellowish spots, irregular in shape, were observed in the flavedo of ' Encore ' mandarin in September (Fig. 1 ). In fruits with slight visual symptoms (one to three F 8  9. TEM. Cells adjacent to the collapsed zone. Fig. 8 . Plastid with membrane disorganization. P, Plastid ; PV, plastid vesicles. Fig. 9 .
The cytoplasm was highly vesiculated. P, Plastid ; V, vesicles. Bars l 0n5 µm.
spots per fruit ; each spot 1-10 mm#) spots only appeared in the portions of the rind most exposed to solar radiation. South and south-western areas of the canopy were most severely affected. In healthy flavedo sections the epidermis had a polyhedral arrangement of cells covered by the cuticle. These cells had dense cytoplasm and large vacuoles (Figs 2 and 3) .
The sub-epidermal cells gradually increased in size with depth into the rind ; the first layers contained abundant cytoplasm and a large number of organelles (Figs 2 and 4 ). Mitochondria were abundant as were cisternae of endoplasmic reticulum. Plastids were numerous and particularly large (Fig. 2) ; some had dense stroma with scarce tubular membrane elements (Fig. 4) , while others had a membrane system organized in thylakoids aggregated into grana (Fig. 5) . By November we observed the accumulation of starch grains as well as osmiophilic material (Figs 4 and F. 10. TEM. Cells adjacent to the collapsed zone. A large accumulation of osmiophilic material (OM) was evident. Bar l 0n5 µm.
F. 11. TEM. Cell of a collapsed zone (CC) adjacent to a cell that still maintained its integrity. The electron-dense mass was completely disorganized without any visible organelle or membrane. PL, Plasmalemma ; T, tonoplast ; M, mitochondria ; ER, endoplasmicum reticulum ; VA, vacuole. Bar l 0n5 µm.
F. 12. SEM-section in a spotted zone. The collapsed cell layers (CC) were evident extending between the seventh and eleventh sub-epidermal layers. CU, Cuticle, E, epidermis. Bar l 20 µm.
F. 13. SEM-section in a healthy zone. There were no signs of injury in the parenchyma. CU, Cuticle ; E, epidermis. Bar l 50 µm.
F. 14. SEM-section in a spotted zone, including an oil gland. The collapsed cell layers (CC) had a proximal relationship with the oil gland (OG). Bar l 50 µm.
5). This electron-opaque material was found in the plastids' stroma, the plastids' envelope, and in the cytoplasm close to the endoplasmic reticulum (Fig. 4) . In the flavedo spot sections we observed parenchymal flattening and collapsed cell layers that increased in parallel with the epidermis, extending to about ten layers thick (Figs 6 and 7). These injured cell layers could be seen externally, being visible through the apparently healthy epidermis and the first sub-epidermal layers. The chlorotic appearance of the spots in the first stages of peel pitting was due to the injured layers described above.
In the layers adjacent to the flattened and collapsed zone, the cells increased in size. Of particular relevance was the diffuse aspect of their contents ; the cytoplasm became disorganized, with organelles losing their integrity (Fig. 7) . These aspects are consistent with TEM observations of abnormally-dilated plastids associated with the disorgani-zation of the plastid membranes and abnormal cytoplasmic vesiculation (Figs 8 and 9) .
In the collapsed cell layers observed by light microscopy, the cytoplasm was plasmolysed, being visible as a dense and shrunken mass (Figs 6 and 7) , heavily stained with toluidine blue. This mass, observed by TEM, could result from great intracellular disorganization with the destruction of cytoplasmic membranes and accumulation of large amounts of osmiophilic material (Fig. 10) . During this degradation process, the cellular contents became very electron-dense, and large amorphous and disorganized masses could be seen adjacent to cells that still maintained their integrity (Fig. 11) .
SEM observations showed how the injured cell layers, observed under LM, progressed in the flavedo. Damaged areas were easily detected by their flattened and collapsed appearance (Fig. 12) , which corresponded to the destruction of parenchymal cells. In healthy flavedo sections no flattened and collapsed layers were seen (Fig. 13) .
Our observations did not show any relationship between oil glands and the disorder. Only in a few cases did a proximal association seem to exist between the damaged parenchyma cell layers and the apical region of the oil glands (Fig. 14) .
DISCUSSION
Sub-epidermal cell alteration in pitted areas of the flavedo in ' Encore ' mandarin fruit resembles the damage process described in peel pitting of ' Fortune ' mandarin (Vercher et al., 1994) . Under the light microscope we observed similar cytoplasmic disorganization, namely plasmolysis and condensation of a dense and amorphous mass strongly stained by toluidine blue. In fact, the dense and strongly-stained cytoplasm of the injured flavedo cells of ' Encore ' mandarin corresponds to a completely disorganized cytoplasmic mass with a degraded membrane system.
The first signs of cellular damage in the parenchymatous cells of the flavedo seemed to be associated with abnormal internal organization of the plastids as well as great vesiculation of the cytoplasm ; this was followed by degradation of the cytoplasm membranes. In contrast to Vercher et al. (1994) , our observations point to a pattern of cell alteration in which the damaged cell layers are parallel to the rind surface, extending along the flavedo, apparently between healthy areas. In the study by Vercher et al. (1994) , the breakdown of some epidermal cells was the first evidence of injury in pre-harvest peel pitting.
Some histological aspects of chilling injury in eggplant fruit, described by Rhee and Iwata (1982) , resemble the flattening following plasmolysis in the injured flavedo cell layers of ' Encore ' mandarin. Chilling injury in eggplant fruit began with the collapse of parenchymal cells adjoining the substomal chamber (Rhee and Iwata, 1982) , leading to localized dehydration of sub-epidermal cell layers of the parenchyma. The breakdown of the tonoplast in injured cells would accelerate the oxidation of phenolic substances, and the oxidation products might impair the function of other organelles and membranes (Abe, 1990) .
Water loss was found to be an indicator of chilling injury in citrus, associated with the formation of large cracks around the stomata (Cohen et al., 1994) , but we did not observe cuticular cracking in ' Encore ' mandarin.
Some morphological aspects of chilling injury in eggplant fruit are similar to the ' peel pitting ' of ' Encore ' mandarin. However, symptoms were evident by September in this cultivar and thus we do not believe they are due to low temperature as temperatures were always above 15 mC during this period.
Only in a few cases was a close relationship observed between the point where the injured cells appeared and the apical region of the oil gland. There is no evidence from our observations that the injured cell layers originated from oil gland disruption. Shomer (1980) and Bosabalidis and Tsekos (1982) noted that essential oils are secreted by the plastids in the flavedo of Citrus fruit, are then moved into the cytoplasm of the secretory cells by the endoplasmic reticulum from where they are transferred into the vacuole. The exudate reaches the cell wall through the ectoplasm and, after fusion of the endoplasmic reticulum with the plasmalemma, is released into the central cavity of the gland. D-limonene, which is the major component of the essential oils from Citrus (Heinrich, 1970 ; Sawamura et al., 1984 ; Obenland et al., 1996 Obenland et al., , 1997 is toxic when in contact with tissues which do not synthesize considerable amounts of essential oils. In these cases destruction of the membrane system occurs (Heinrich, 1970) .
In ' Encore ' mandarin the beginning of peel pitting was observed by September, in hot weather. The lesions were only observed on the outer side of the fruit and on the regions of the rind most exposed to external factors such as radiation. During the observation period no abnormal weather conditions occurred. Solar radiation may be involved in the structural alteration of the cuticle, and a high rind temperature over a long period may induce localized dehydration in the epidermal and sub-epidermal cells leading to plasmolysis and membrane collapse. Obenland et al. (1996) studied the effects of hot water treatments on lemon fruit, and found that temperatures below 50 mC were not harmful, while injury due to temperatures above 50 mC, or to cold treatment, was associated with an increase in d-limonene release.
It is possible that d-limonene, essential oils or other lipids in the parenchyma of the flavedo of ' Encore ' mandarin are released from their compartments, and are toxic to the cells. The destruction of cytoplasmic membranes and the accumulation of large amounts of osmiophilic material in the degenerating cytoplasm of ' Encore ' flavedo cells suggest some ultrastructural aspects of damage are caused by the essential oils in contact with other tissues that do not produce these oils in large amounts (Heinrich, 1970) .
Given the location of affected fruit in the canopy, the fruit exposure to radiation and the appearance of pitting in early autumn, the spotting observed in ' Encore ' mandarin was similar to that described by Arpaia et al. (1991) in ' Valencia ' orange, except for the presence of a periderm.
Further studies are needed to clarify the relationship between peel pitting in ' Encore ' mandarin and causal factors such as radiation, rind temperature, plant and fruit water content, permeability of membranes, structure and permeability of rind cuticle.
